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We measured the concentrations of radiocesium (134Cs and 137Cs) in a large web spider, Nephila clavata L.
Koch (Nephilidae: Arachnida), collected at three sites at different distances from the Fukushima Dai-ichi
Nuclear Power Plant about 1.5 y after the accident in March 2011. The radiocesium concentrations in
spiders were highest in a streamside secondary forest 33 km northwest of the power plant: mean  a
standard deviation of 2.401  1.197 Bq g1 dry for 134Cs and 3.955  1.756 Bq g1 dry for 137Cs. In a
hillside secondary forest 37 km northwest of the power plant, the mean concentrations of 134Cs and 137Cs
were 0.825  0.247 Bq g1 dry and 1.470  0.454 Bq g1 dry, respectively. In a pine forest 62 km west of
the power plant, very low radiocesium concentrations were detected, but in only a few individuals. The
concentrations of 134Cs and 137Cs in spiders collected at each site tended to be correlated with the air
radiation dose rate at each site. Since spiders are key components of food webs in forests, the high
concentrations in this species at contaminated sites suggested that the radiocesium from the accident
has transferred through food chains and reached to higher trophic level of the food chains.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The catastrophic accident at the Fukushima Dai-ichi Nuclear
Power Plant (FDNPP) triggered by the Great East Japan Earthquake
and the tsunami that followed on 11 March 2011 caused serious
radioactive release (IAEA, 2011). Immediately after the accident,
large amounts of radionuclides were emitted to the open air.
Radioactive contamination of the terrestrial environment then
expanded rapidly over a wide area, presumably by wet and dry
fallout. Large contaminated areas and hotspots of high radiation
doses due to the fallout were found on the forest ﬂoors of the de-
ciduous broadleaved and evergreen coniferous forests that occupy
over 70% of the entire land area of Fukushima Prefecture
(Fukushima Prefecture, 2012).tection, Graduate School of
o, Chikusa-ku, Nagoya 464-
Ayabe), kanasashi.tsutomu@
a-u.ac.jp (N. Hijii), chisato@
r Ltd. Open access under CC BY-NCThe ecological processes involving organisms in forest ecosys-
tems work through two different types of food chain. The grazing
food chain starts with living plants, passing through herbivorous
insects and animals, and then reaching their predators. In contrast,
the detrital food chain starts with dead organic matter, such as
plant litter, on the forest ﬂoor; the chain then moves to the soil
layer, where energy ﬂows via detritus feeders and microbes into
their predators. In the terrestrial compartment of forest ecosys-
tems, spiders function not only as the most effective predators of
arthropods in both food chains (Moulder and Reichle, 1972; Wise,
1993) but also as major prey, along with insect caterpillars, for
predators at higher trophic levels, such as insectivorous birds (e.g.,
Mizutani and Hijii, 2002; Naef-Daenzer et al., 2000). In the detrital
food chain there are two pathways to reach spiders. One is that
from aquatic insects, such as plecopterans, caddis-ﬂies, and drag-
onﬂies, emerging from the rivers and streams, where they feed on
sedimentary plant litter or other aquatic insect larvae, and the other
is that from detritivorous and fungivorous insects, such as chiron-
omids, mycetophilids, and many other dipterans, emerging from
the litter in the tree canopy and on the forest ﬂoor (Shimazaki and
Miyashita, 2005; Yoshida and Hijii, 2005).
In a coniferous forest near a nuclear fuel reprocessing plant in
England, concentrations of radionuclides (137Cs, 238Pu, 239þ240Pu,
and 241Am) were signiﬁcantly higher in detritus feeders than in-ND license.
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dietary menu (Copplestone et al., 1999). In the case of the Cher-
nobyl accident, radioactive fallout had different effects on litter
faunae, depending on the distance from the nuclear power plant
and on the time since the accident (e.g., Krivolutzkii and
Pokarzhevskii, 1992). Therefore, radioactive contamination of the
litter and upper-soil layers of the forests in Fukushima by radio-
active fallout from the FDNPP accident may have some impact on
predators through bioconcentration in the food chain. Here, we
report the results of a preliminary survey of radiocesium (134Cs
with a half-life of 2.1 y and 137Cs with a half-life of 30.1 y)
contamination of spiders about 1.5 y after the accident as examples
of predators working at a middle trophic level in the grazing and
detrital food chains.2. Materials and methods
2.1. Sampling sites
Collection of spiders and measurement of air radiation dose
rates were performed on 21 and 22 October 2012, about 1.5 y (19
months) after the FDNPP accident, at two sites in the Yamakiya
district of Kawamata Town, and at another site in Koriyama City, in
Fukushima Prefecture (Fig. 1). The sites were (1) site PS, a stream-
side secondary forest dominated by broadleaved trees about 33 km
northwest of the FDNPP, and faced southeastern on an abandoned
pasture opening toward the FDNPP; (2) site ES, a hillside secondary
forest on the north side of the Yamakiya Elementary School about
37 km northwest of the FDNPP; and (3) site KR, an experimental
pine forest in the Fukushima Prefectural Forestry Research Center
in Koriyama City, about 62 km west of the FDNPP. As controls,
spider individuals of the same species were collected on 30 October
2012 from site CT, in a secondary forest on the main campus of
Nagoya University, Nagoya, about 450 km in a straight line south-
west of the FDNPP.Table 1
Body-size traits and radiocesium contamination in spiders (mean  standard
deviation).2.2. Collection of spiders
We collected female adults of Nephila clavata L. Koch (Neph-
ilidae: Arachnida). It is one of the largest web spider species inFDNPP
CT
200 km
Fukushima Prefecture
FDNPP
KR
Lake Inawashiro
ES
PS
50 km
Fig. 1. A map of the sampling sites and the FDNPP. See Fukushima Prefecture (2012) for
the results of measurement of air dose rate since March 2011 in Fukushima Prefecture.Japan and lives in an orb web set about 1e2 m above the ground.
Nephila clavata is univoltine, overwinters as eggs, disperses as ju-
veniles in April toMay, and grows through seven or eight ecdyses to
its largest size in September to October. The female spins an egg
sack containing 500e1500 eggs after mating on the orb web in late
August to October. It deposits the sack on trees or shrubs in October
to November, and its life cycle ends by early winter. Body size is
about 20 mm in female adults but no more than 10 mm in male
adults. The size variability among mature female adults is large and
depends on the amount of prey arthropods consumed (Miyashita,
1992).
Spiders collected at each site were placed individually into 20-
mL collection vials and brought to the laboratory at Nagoya Uni-
versity. After the wet mass of each individual had beenweighed on
a microbalance, all spider samples were dried in a convection oven
(85 C, 48 h); the dry mass was individually weighed in the same
manner.2.3. Measurement of radiocesium concentrations of spiders and air
radiation dose rates
After the measurement of spider dry mass, each body was put
into a polyethylene tip with 5-mm-diameter zirconia beads and
ground to powder with a bead-beater-type homogenizer. A com-
posite sample was made by mixing two spiders, when each dry
mass was under ca. 0.08 g. Concentration of radiocesium in the
spider sample (Bq g1 dry) was individually measured by a gamma
spectrometer with a well-type germanium semiconductor detector
(GWL-300-15-S, Seiko EG&G Ortec, Tokyo, Japan) for 1.6  104 to
3.5  105 s.
The counting efﬁciency of detector was calibrated using refer-
ence solution samples of 134Cs (CZ010) and 137Cs (CS010) obtained
from Japan Radioisotope Association, Tokyo with the expanded
uncertainty of 1.5% (the coverage factor (k) ¼ 2). The radiocesium
activities in samples were corrected for radioactive decay to the
sampling date of the spiders. The detection limits of radiocesiumSites*
PS ES KR CT
Body size (g)
No. of spiders 8 11 22 12
Fresh mass 0.37  0.19 0.34  0.14 0.34  0.26 0.59  0.28
Dry mass 0.14  0.08 0.12  0.05 0.13  0.10 0.19  0.10
Dry/fresh ratio 0.36  0.06 0.39  0.09 0.36  0.03 0.31  0.04
Radioactivitya (Bq g1 dry)
No. of samplesb 6 10 15 8
134Cs 2.401  1.197 0.875  0.247 0.057 (n ¼ 1) N.D.
(Minemax) 1.217e4.415 0.437e1.258 e e
CVc 0.50 0.28 e e
137Cs 3.955  1.756 1.470  0.454 0.040  0.015
(n ¼ 3)
N.D.
(Minemax) 2.072e6.819 0.828e2.307 0.027e0.057 e
CVc 0.44 0.31 e e
Air radiation dose rate (mSv h1)
4.41  0.50 3.53  0.41 1.09  0.32 0.06  0.01
CVc 0.11 0.12 0.29 0.17
*PS; 33 km northwest, ES; 37 km northwest, KR; 62 kmwest, CT; 450 km southwest
of the FDNPP.
a Concentration of radiocesium was averaged with samples only for which radi-
ocesium was detected.
b Several samples consisted of mixtures of small-size spiders (see Section 2.3 for
details).
c CV is calculated with standard deviation/mean.
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when net count of a sample did not exceed three times of standard
deviation from counting statistics, the sample was deﬁned as not
detected (N.D.).
Air radiation dose rates (mSv h1) were measured with a scin-
tillation survey meter (TCS-161, Aloka) 1 m above ground level and
were presented as an average of the measurements from 10 points
at each site to indicate the contamination level, because air radia-
tion dose rates were correlated with concentration levels of radi-
ocesium in soil (Nuclear Regulation Authority, 2012). At site PS, the
dose rates were measured at 10 points at an area upstream and 10
points at an area downstream, about 30 m apart from each other,
for comparison within the site.
All statistical analyses in the present study were conducted
using a free online statistical package, Program R, found at http://
www.r-project.org.
3. Results and discussion
3.1. Body-size traits of spiders collected
The mean and standard deviation of individual fresh and dry
mass of the spiders was summarized for each of the four sites
(Table 1). The mean body size in dry weight of spider individuals
did not differ among the sites (SteeleDwass test, p> 0.05). The ratio
of dry mass to fresh mass (i.e., dry weight ratio) in each individual
averaged 0.35  0.06 ( a standard deviation), with no signiﬁcant
differences among the sites (SteeleDwass test, p > 0.05). Thus,
there was no signiﬁcant difference in body-size traits of spiders
among the four sites.
3.2. Radiocesium contamination of spiders and air radiation dose
rates
Contamination with both radioactive 134Cs and 137Cs was
detected in all the spiders collected at both site PS and site ES
(Fig. 2, Table 1). At site KR, very low concentrations of 134Cs and
137Cs were detected, but in only a few individuals. Radiocesiumwas
not detected at site CT. The concentrations of 134Cs and 137Cs in
spiders were highest at site PS, followed by those at site ES (Fig. 2,
Table 1). The ratio of 134Cs/137Cs corrected for radioactive decay to
the date immediately after the FDNPP accident was 1.02  0.19 on
average ( SD) among samples of the three contaminated sites (see
also Table A.1), which was equivalent to that of the fallout from the
FDNPP (Haba et al., 2012). This clearly showed that the fallout fromCT KR ES PS
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Fig. 2. Mean concentrations of radiocesium (134Cs and 137Cs) in individuals of N. clavata coll
hillside secondary forest 37 km northwest of the FDNPP; KR, a pine forest 62 kmwest of the F
control site. Vertical lines indicate the standard deviation.the FDNPP, not residual 137Cs radioactivity derived from past
nuclear-weapon testing and the Chernobyl nuclear power plant
accident (e.g., Fesenko et al., 2001), had contributed to the radio-
cesium contamination of spiders at these study sites. Nephila
clavata is a univoltine species, and all individuals were undoubtedly
born after the accident at the FDNPP. Thus, the contamination levels
in spider individuals collected in the present study should reﬂect
the contamination levels in their diet arthropods (most of which
are also univoltine) at each site 1.5 y after the radioactive fallout.
The air radiation dose rate was highest at site PS followed by
that at site ES, and at site KR the dose rate was lower than these
values. At site CT the dose rate was close to zero. At each site the
mean concentrations of both 134Cs and 137Cs in spiders tended to
correlate positively with the mean air radiation dose rate (r ¼ 1,
p ¼ 0.08 for 134Cs, r ¼ 1, p ¼ 0.08 for 137Cs by Spearman’s rank
correlation r) (Fig. 3). Thus, the radioactive contamination levels in
spiders tend to be affected by the radioactive contamination levels
at the sites. Moreover, two distant areas within site PS had different
air radiation dose rates (4.87  0.19 mSv h1 upstream,
3.96  0.17 mSv h1 downstream), suggesting that the radioactive
contamination levels varied from place to place even within small
areas of the same site.
At both site ES and site PS, the coefﬁcient of variation (CV) of
both 134Cs and 137Cs concentrations among spider individuals was
larger than that of the dose rates at each site. This implies that the
levels of contamination of spiders from radiocesium fallout are
more likely to vary with the menu and component ratios of their
diets within their habitats (Copplestone et al., 1999) than with
direct measures of the contamination levels at each site due to
radioactive fallout. At site ES, the spidersmade their orbwebs at the
edge of the secondary forest on a hillside with no streams, and we
found residues of adults of detritus dipterans and phytophagous
lepidopterans on their webs. At site PS, many spiders made their
orb webs along streams in the secondary forest, and the orb webs
had the residues of many adult aquatic insects, such as the wings of
plecopterans and caddisﬂies, as well as detritus dipterans and
phytophagous lepidopterans. Thus, the spiders at site PS, with its
streams, are likely embedded in more complicated food webs than
those at site ES because of an additional pathway derived from
aquatic arthropods from the streams. Site PS would provide spiders
with a varied diet with different contamination levels compared
with that at site ES. This may be supported by the larger CV values
for radiocesium concentrations among spiders at site PS than at site
ES, although a smaller sample size at site PS (n ¼ 11) than that at
site ES (n ¼ 22) is also likely to contribute to larger CVs.0
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Fig. 3. Relationship between mean concentration of radiocesium (134Cs, 137Cs) detected in spider individuals and mean air radiation dose rate at each site. Vertical and horizontal
lines indicate the standard deviations of radiocesium concentration and air radiation dose rate, respectively. At site PS, the air radiation dose rate was represented as the mean of 20
points; 10 points were used at the other sites. At site CT, radiocesiumwas not detected in spiders, and therefore the mean value of radiocesium concentrationwas considered as 0 for
practical purposes.
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and their body size and diet
For spider samples for which radiocesium concentrations were
measured individually, we examined the relationship of the radi-
ocesium concentration to the dry mass of each spider by applying a
generalized linear mixed model (GLMM) with a Gaussian distri-
bution and identity-link function, with different sites as a random
effect. We thereby could reveal whether radioactive contamination
of spiders depended on spider bodymass as an index of the amount
of prey that the spiders had ever consumed. As a result, there was
no correlation between the concentration of 137Cs in each spider
and its body mass for spiders at site PS and site ES combined
(p ¼ 0.628 by GLMM) (Fig. 4). This suggested that the 137Cs con-
centration in the spider’s body was unlikely to have any quantita-
tive association with the amount of prey eaten, emphasizing the
potential importance of the diet diversity of spiders.
Detritus feeders emerging from the radioactive Cs pool on leaf
litter suspended in streams and on the litter layers of forest ﬂoors0.00 0.05 0.10 0.15 0.20 0.25
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Fig. 4. Relationship between concentration of 137Cs in each individual collected at sites
PS and ES and its body size. The analysis used only those spiders for which we could
measure radioactive concentrations individually.(Hashimoto et al., 2012) can be preyed upon by spider communities
(Shimazaki andMiyashita, 2005), including N. clavata. Such spiders,
in turn, as well as phytophagous insects, might then be foraged on
by avian predators at higher trophic levels, such as titmice (e.g.,
Naef-Daenzer et al., 2000). Forest ecosystems are more complex in
species diversity and spatial structure than many other terrestrial
ecosystems, and therefore greater variability could be observed in
radioactive transfer processes (e.g., Carmon et al., 2009). In future
studies, we need to gather information on the radiocesium con-
centrations of plant litter and detritus feeders in both the terrestrial
and aquatic compartments (e.g., Avery, 1996) and their transfer
factors. We also need to study the radiocesium concentrations in
phytophagous insects feeding on live plants and seeds, the diet
menus of these species, and the relative proportions of prey ar-
thropods for predators in food webs by using stable isotope. Finally,
we need to examine the detrimental effects of radionuclide intake
on the development and reproduction of food-web organisms (e.g.,
Mousseau and Møller, 2011), which would in turn affect population
dynamics, to elucidate the processes and mechanisms of radio-
cesium transfer through the food webs of forest ecosystems.
4. Conclusion
The present study investigated the radiocesium contaminations
of spider collected at three forest sites at different distances from
the Fukushima Dai-ichi Nuclear Power Plant about 1.5 y after the
accident in March 2011. The concentrations of radioactive 134Cs and
137Cs in spiders were highest (2.4011.197 Bq g1 dry for 134Cs and
3.955  1.756 Bq g1 dry for 137Cs) in a streamside secondary forest
that was the nearest from the power plant, and then decreased
with increasing of distance from the power plant. The concentra-
tions of 134Cs and 137Cs in spiders collected at each site tend to be
correlated with the air radiation dose rate at each site. The
individual-based measurement of radiocesium concentration
showed a larger variation among spider individuals at the
streamside site than at a site without streams, suggesting a more
complex structure of the food web constructed on a more
complicated habitat containing a stream subsystem.
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24110007).Table A.1. Dry weight and radioactivity concentrationa of 134Cs and 137Cs in the Nephila clavata samples.
Sitesb ID Dry mass (g) 134Csc 137Csc 134Cs/137Csd
PS 1 0.212 2.760  0.068 4.591  0.081 0.99
2 0.186 1.217  0.042 2.072  0.044 0.97
3 0.124 1.873  0.077 3.560  0.080 0.87
4 0.224 2.665  0.090 4.290  0.090 1.03
5 0.225 1.414  0.043 2.334  0.046 1
6* 0.069 4.415  0.066 6.819  0.102 1.07
Mean  SD 0.160  0.07 2.401  1.197 3.955  1.756 0.99  0.07
ES 1 0.180 1.130  0.041 1.939  0.042 0.96
2 0.189 0.711  0.029 1.190  0.028 0.99
3 0.113 0.702  0.039 1.271  0.036 0.91
4 0.137 0.757  0.038 1.197  0.033 1.04
5 0.192 0.737  0.040 1.208  0.035 1.01
6 0.123 1.258  1.197 2.307  1.197 0.9
7 0.073 1.004  0.061 1.220  0.043 1.36
8 0.154 0.960  0.052 1.866  0.051 0.85
9 0.147 0.437  0.027 0.828  0.025 0.87
10* 0.120 1.050  0.057 1.676  0.049 1.04
Mean  SD 0.143  0.038 0.875  0.247 1.470  0.454 0.99  0.14
KR 1 0.220 N.D. N.D.
2 0.508 N.D. 0.027  0.002
3 0.134 N.D. N.D.
5 0.105 N.D. N.D.
6 0.277 0.057  0.008 0.057  0.005 1.67
7 0.140 N.D. N.D.
8 0.165 N.D. N.D.
9 0.076 N.D. N.D.
10* 0.179 N.D. N.D.
11* 0.231 N.D. 0.038  0.004
12* 0.102 N.D. N.D.
13* 0.143 N.D. N.D.
14* 0.139 N.D. N.D.
15* 0.072 N.D. N.D.
Mean  SD 0.175  0.108 0.057 (n ¼ 1) 0.040  0.015 (n ¼ 3)
CT 1 0.253 N.D. N.D.
2 0.195 N.D. N.D.
3 0.150 N.D. N.D.
4 0.240 N.D. N.D.
5 0.248 N.D. N.D.
6 0.431 N.D. N.D.
7* 0.260 N.D. N.D.
8* 0.178 N.D. N.D.
Mean  SD 0.244  0.085
*Each sample consisted of two or three spider individuals.
a Concentration  counting error of radiocesium (Bq g1 dry, k ¼ 1) is given, and N.D. indicates under the detection limit (see text for details).
b PS; 33 km northwest, ES; 37 km northwest, KR; 62 km west, CT; 450 km southwest of the Fukushima Dai-ichi Nuclear Power Plant (FDNPP).
c The radiocesium activities obtained were corrected for radioactive decay to the sampling date of the spiders.
d 134Cs/137Cs ratio was estimated with the radiocesium activities that were corrected for radioactive decay to the date 3.15 immediately after the FDNPP accident.References
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